Introduction
Lung cancer presents a contemporary epidemic causing more deaths than the next three leading cancers combined (1, 2) . Of its different histologic subtypes, non-small cell lung cancer (NSCLC) including adenocarcinoma constitutes the bulk of new disease and is rising in incidence (3) . Although most lung cancers are caused by smoking, the preponderance of new cases is diagnosed in ex-smokers (4, 5) . In addition, many lung cancers occur in never-smokers (6, 7) , and chronic inflammatory lung conditions such as chronic obstructive pulmonary disease (COPD) appear to promote carcinogenesis independent from smoking (3, 8, 9) . Thus, although smoking cessation is fundamental for lung cancer prevention, additional strategies for early detection and prevention are needed, necessitating a better understanding of the molecular pathways that promote carcinogenesis in the human airways (10, 11) .
In recent years, proinflammatory NF-jB signaling has emerged as an important pathway to lung adenocarcinoma. We have shown that airway epithelial NF-jB activation is necessary for lung carcinogenesis induced by the carcinogen urethane (12) . NF-jB is also required for lung adenocarcinoma formation in response to tobacco smoke and oncogenic Kras (13, 14) . We further identified respiratory epithelial NF-jB to function as a direct promoter of inflammation and carcinogenesis, implying NF-jB as a focal path to both lung cancer and COPD (15) . In our previous studies, urethane-induced NF-jB activation was confined to lung epithelium and macrophages; importantly, tissue-specific blockade of epithelial NF-jB reduced lung tumors by greater than 2-fold (12) . Although these studies suggest that NF-jB activation in both epithelial and inflammatory cells impacts lung tumor development, limited efforts have been undertaken to pharmacologically block NF-jB in preclinical lung cancer models.
Since NF-jB functions as a marked tumor promoter, drug-based approaches to inhibit NF-jB have been developed (16) . These include direct blockade of inhibitor of NF-jB (IjB) kinase (IKK) b, the main NF-jB activator (17) , as well as proteasome inhibition, which indirectly blocks NF-jB by suppressing IjB degradation (18) . Although less specific, the latter approach has been tested more extensively. Bortezomib is clinically used against multiple myeloma and blocks NF-jB in a variety of tumors (19) (20) (21) . In the lungs, NF-jB is activated in NSCLC and preneoplastic lesions (22) , and bortezomib potently inhibits NF-jB in mouse lung adenocarcinoma (23) , setting a rational framework for the use of the proteasome inhibitor in early stages of lung cancer. In humans, bortezomib has thus far failed to exhibit significant clinical activity against human NSCLC (24, 25) . To date, the mechanism(s) underlying human NSCLC resistance to bortezomib are unknown.
We aimed to investigate the effects of proteasome inhibition on chemical lung carcinogenesis, utilizing an established mouse model where a chemical carcinogen drives epithelial NF-jB activation, inflammation and carcinogenesis. Although we hypothesized that bortezomib would halt urethane-induced lung tumorigenesis, we found that the drug exerts both beneficial and detrimental effects, which are dependent on treatment timing and duration and are possibly linked with cell type-specific effects of bortezomib-mediated NF-jB blockade.
chemoattractant protein-1, MCP-1), C-X-C motif chemokine ligand (CXCL) 1 (keratinocyte chemoattractant, KC), CXCL2 (macrophage inflammatory protein 2, MIP-2) and interleukin (IL)-1b enzyme-linked immunosorbent assays from R&D Systems (Minneapolis, MN) and Peprotech (London, UK) (detection limits: 1.5, 5.1, 15.6, 7.8, 1.5 and 7.8 pg/ml, respectively) and mouse cytometric bead array assaying TNF, IFN-c, CCL2, IL-6, IL-10 and IL-12p70 from BD Biosciences (San Jose, CA) (detection limits: 7.3, 2.5, 52.7, 5.0, 17.5 and 10.7 pg/ml, respectively).
Microscopy
Stereomicroscopy of gross mouse lung specimens with urethane-induced tumors was done on a StemiDV4 stereomicroscope connected to a handheld digital camera (Zeiss, Jena, Germany). Light microscopy was performed on an IX71 inverted microscope connected to a DP digital camera (Olympus, Tokyo, Japan). Fluorescent microscopy was performed on an IX81 inverted microscope with spinning disc confocal configuration connected to a CAM-XC50 cooled digital color camera (Olympus, Tokyo, Japan), using Image-Pro Express software (Media Cybernetics, Silver Springs, MD).
Animals
In total, 177 mice were used for these studies. Wild-type BALB/c and FVB mice from the Hellenic Pasteur Institute (Athens, Greece) were inbred at the Animal Care facilities of the General Hospital Evangelismos (Athens, Greece). Dual luciferase-green fluorescent protein (GFP) NF-jB reporter (NF-jB.GFP. Luciferase, NGL) mice (.F12 FVB background) (12, 15, 26) were bred and used at the Animal Care facilities of Vanderbilt University (Nashville, TN). Animal care and experimental procedures were approved by the Prefecture of Athens Veterinary Administration Bureau (Greece) or the Vanderbilt University Institutional Animal Care and Use Committee and conducted according to international standards (http://grants.nih.gov/grants/olaw/GuideBook.pdf; http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm). Experimental mice were sex, weight (20-24 g ) and age (8-10 weeks) matched.
Carcinogen and drug treatments
For induction of lung tumors, mice received single or four weekly intraperitoneal (i.p.) injections of urethane (1 g/kg in 100 ll saline), as indicated. Bortezomib (1 mg/kg in 100 ll saline i.p.) was administered during distinct time windows of tumor initiation/promotion, tumor progression or both (month 1, month 5 or continuously after the first urethane injection) at days 2 and 5 of each experimental week. All mice not treated with urethane or bortezomib at a given time point received saline instead (100 ll i.p.). Mice were killed at days 7, 10, 30, 60 or 180 after the first urethane dose, as indicated.
Assessment of lung inflammation
Bronchoalveolar lavage (BAL) was performed with 3 Â 1000 ll sterile saline. Fluid was combined and centrifuged (260g, 10 min), cells were resuspended in 1 ml phosphate-buffered saline and 1% bovine serum albumin, total cell counts were determined using a grid hemocytometer and differential cell counts by enumerating 400 cells on Wright-Giemsa-stained cytocentrifugal specimens. Levels of solute mediators in cell-free BAL were determined by cytometric bead array (TNF, IFN-c, CCL2, IL-6, IL-10, IL-12p70) and/or enzyme-linked immunosorbent assay (TNF, CCL2, CXCL1, CXCL2, IL-1b) as described previously (12, 23) and were corrected for BAL protein assessed using bovine serum albumin assay (Bio-Rad, Hercules, CA).
Assessment of lung carcinogenesis
Lungs were explanted after transtracheal inflation with 10% neutral buffered formalin under 25 cm H 2 O pressure and fixed in the same solution for 24 h. Lung tumors were enumerated by three blinded readers (S.P.K., I.P., G.T.S.) under a stereomicroscope using surface-and transillumination to visualize both superficial and intrapulmonary tumors and averaged as described previously (12, 15) . Tumor diameter (d) was determined using microcalipers, and tumor volume (V) was determined using the formula V 5 pd 3 /6. Total tumor burden for each mouse was calculated by adding the volumes of all tumors from the lungs of each mouse. Lungs were embedded in paraffin in a standard fashion and 5 lm thick serial transverse sections were cut at three levels of the lungs (apical, median and basal). Sections were mounted on glass slides and stained with hematoxylin and eosin. The total number and the proportion (percent of total lung lesions) of each type of distinct lung lesions, including hyperplasia (atypical alveolar or bronchial epithelial hyperplasia), adenoma and adenocarcinoma, were evaluated by two blinded readers (S.P.K. and G.T.S.) on three sections from each lung (one apical, one median and one basal transverse section of both lungs), according to guidelines of the Mouse Models of Human Cancers Consortium (27) . Alternatively, sections were immune labeled for PCNA and TUNEL as described previously (12, 15, 28) . The number of immunoreactive cells in lungs (bronchial and alveolar epithelium) and lung tumors was evaluated by two blinded readers (S.P.K. and G.T.S.) in five high-power visual fields of five different lung or tumor regions. The results were averaged per mouse.
Assessment of pulmonary NF-jB activation NGL mice received intravenously 1 mg D-luciferin and were imaged for bioluminescence at days 0, 3, 7 and 10 after saline or urethane, as described previously (12, 15, 26, 29, 30) . At day 10, lungs were explanted immediately imaged for bioluminescence ex vivo, fixed, embedded and sectioned as above. Sections were mounted on glass slides using aqueous low-fluorescence mounting medium containing 4,6-diamidino-2-phenylindole (30) . GFP expression of lung components was evaluated in 10 high-power visual fields of each lung tested.
Cell culture experiments
Mouse Lewis lung carcinoma (LLC) cells and bone marrow-derived macrophages (RAW264.7) validated by the short tandem repeat method were purchased from the American Type Culture Collection (ATCC, Manassas, VA) in July 2007 and were immediately frozen at À80°C . Cells were resuscitated in May 2009 and experiments were done within 6 months. Cell lines were cultured at 37°C in 5% CO 2 -95% air using Dulbecco's modified Eagle's medium, 10% fetal bovine serum supplemented with glutamine and 100 mg/l penicillin/ streptomycin. RAW264.7 cells were stably transduced with an NF-jB reporter plasmid (NF-jB.GFP.LUC; pNGL) as described previously (30, 31) . For cell experiments, cells were plated at equal densities and incubated with saline or various concentrations of bortezomib. Viable cell numbers were determined using MTS reduction (23, (28) (29) (30) (31) . NF-jB activation was determined using both bioluminescence imaging and luciferase assay (23, (28) (29) (30) . Cellular mediator elaboration was assessed using cytometric bead array/enzyme-linked immunosorbent assay of cell-free cell culture supernatants and was corrected for protein content.
Subcutaneous tumor growth model
Solid adenocarcinomas were generated by flank injections of 5 Â 10 5 wild-type or pNGL LLC cells in C57BL/6 mice (23). Three vertical tumor dimensions (d1, d2, d3) were measured weekly and tumor volume (V) was determined using the formula V 5 p Â (d1 Â d2 Â d3)/6. Tumor-specific NF-jB activation was also measured weekly as described previously (23) . Mice received twice weekly i.p. saline control or bortezomib (1 mg/kg) starting at 2 weeks post tumor cell injection.
Statistics
All values given represent mean ± SD. To compare variables between two groups, the Student's t-test or the Mann-Whitney U-test were used for normally and not normally distributed variables, respectively. To compare variables between multiple groups, one-way analysis of variance with Tukey's post hoc tests or Kruskal-Walis test with Dunn's post hoc tests were used for normally and not normally distributed variables, respectively. All P-values are two tailed. P , 0.05 was considered significant. Statistical analyses were performed using GraphPad Prism 5.0 (San Diego, CA).
Results
Short-term bortezomib treatment does not impact urethane-induced lung tumor initiation but significantly retards established tumor growth. In contrast, prolonged proteasome inhibition promotes the formation and progression of lung tumors For these experiments, 63 BALB/c mice received four weekly urethane injections. Twice weekly drug treatment was started immediately after the first urethane dose in four different protocols: control mice received twice weekly saline for 6 months, mice enrolled in an initiation/promotion trial received bortezomib during the first month and saline thereafter, mice enrolled in a regression trial received bortezomib during the fifth month and saline before and thereafter and mice enrolled in a prolonged prevention trial received bortezomib continuously for 6 months ( Figure 1A ). Out of 15, 16, 17 and 15 mice enrolled in the control, initiation/promotion, regression and prolonged prevention protocols, 2, 5, 2 and 4, respectively, succumbed prematurely (log-rank P 5 0.462; v 2 5 0.475) and one animal each from the regression and prolonged prevention protocols developed massive (d . 1 cm) thyroid tumors that required euthanasia (images not shown), leaving 13, 11, 14 and 10 mice from the four protocols for analyses. Compared with controls (mean lung tumor number 5 6.6 ± 2.9 and diameter 5 1.03 ± 0.27 mm), mice in the initiation/promotion trial developed lung tumors of similar multiplicity (6.5 ± 3.9; P 5 0.949) and S.P. Karabela et al. size (mean diameter 5 0.96 ± 0.20 mm; P 5 0.351) (Figure 1B and C) . Histologic distribution of lesions (hyperplasia, adenoma and adenocarcinoma) was identical between groups (data not shown). In the regression trial, a similar number of lung tumors (7.5 ± 4.3; P 5 0.494) was identified in bortezomib-treated mice compared with the control group; however, tumors were significantly reduced in size (mean diameter 5 0.80 ± 0.12 mm; P 5 0.003), resulting in a $50% reduction in individual tumor volume and a $60% decrease in total lung tumor burden per mouse ( Figure 1B and C) . Again, tumor histologic distribution was comparable with controls (data not shown). These results indicated that short-term proteasome inhibition does not impact the formation of new lung tumors by urethane (initiation/promotion) but exerts inhibitory effects on the growth of existing lung tumors.
In contrast to our expectations, mice that received bortezomib continuously (prolonged prevention trial) exhibited significantly increased lung tumor numbers (16.9 ± 3.4; P , 0.001) and diameters (1.36 ± 0.17 mm; P , 0.001) compared with control mice ( Figure 1B and C), without changes in tumor histologic distribution (data not shown). These changes corresponded to a $70% increase in individual tumor volume and a $250% increase in total lung tumor burden per mouse. These findings indicated a marked chemical carcinogenesispromoting effect of prolonged proteasome inhibition. Immunohistochemistry of lung tumors at the 6 months time point for PCNA and TUNEL staining, indicators of cell proliferation and apoptosis, respectively (14, 16) , yielded similar fractions of tumor cells displaying PCNA and TUNEL immunoreactivity among all experimental groups. Very few TUNEL positive cells were identified in any group (data not shown).
Based on previous work that showed a link between urethaneinduced lung inflammation and carcinogenesis (12, 15) , we evaluated the inflammatory response in the airway compartment of the above experimental mice at the 6 months time point. Compared with controls, mice enrolled in the initiation/promotion and regression trials displayed similar levels of inflammatory cells and mediators in BAL. However, mice in the prolonged prevention group had markedly increased numbers of macrophages, lymphocytes and neutrophils, as well as significantly elevated levels of IL-6, CXCL1, CXCL2 and IL-1b in BAL ( Figure 1E and F) . These results suggested that the pro-tumorigenic effects of long-term bortezomib are linked with a persistent/dysregulated inflammatory response to urethane.
The oncogenic effect of prolonged bortezomib treatment is not strain specific We next sought to recapitulate the effects of long-term proteasome inhibition using FVB mice, known for their susceptibility to Ã , ÃÃ and ÃÃÃ : P , 0.05, 0.01 and 0.001, respectively, compared with control; n, sample size; P, probability; MU, macrophages; LU, lymphocytes; PMN, neutrophil polymorphonuclear cells; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon.
Bortezomib in chemical lung carcinogenesis tumorigenesis (12) . For this experiment, mice received a single dose of urethane, followed by twice weekly saline or bortezomib (Figure 2A) . Compared with urethane-treated controls (mean lung tumor number 5 5.2 ± 2.3 and diameter 5 1.05 ± 0.31 mm), mice treated with bortezomib developed more (11.1 ± 1.4; P 5 0.001) and larger (mean diameter 5 1.35 ± 0.23 mm; P 5 0.048) lung tumors ( Figure 2B and C) after 4 months. Histologic tumor distribution was similar between groups (data not shown). These findings corresponded to an 80% increase in individual tumor volume and to a 280% increase in lung tumor burden per mouse in the bortezomib-treated group, indicating that the oncogenic effect of prolonged bortezomib is not mouse strain specific.
Continued bortezomib treatment promotes epithelial survival after urethane To better understand the dichotomous effects of bortezomib treatment, we investigated early phases of urethane-induced lung inflammation and oncogenesis (15) . For this, BALB/c mice received a single injection of saline or urethane followed by twice weekly saline or bortezomib for up to 1 month. Mice were terminated at days 7, 30 or 60 post urethane ( Figure 3A) . No histologic abnormalities were found at day 7 irrespective of treatment. At day 30, saline only-treated mice also had no hyperplastic lesions; however, a few foci of atypical adenomatous hyperplasia were detected in the lungs of urethane-treated mice ( Figure 3B ). Importantly, bortezomib treatment caused a significant increase in the number of these atypical adenomatous hyperplasia lesions, as well as evidence of cellular proliferation within them at day 30 ( Figure 3C and D) . Cells within hyperplastic lesions did not exhibit TUNEL staining. However, TUNELþ cells were present in the remaining lung parenchyma, and their relative abundance was reduced in the bronchial and alveolar epithelium of bortezomib-treated mice compared with controls ( Figure 3E ). To explain the absence of bortezomib's neoplasia-promoting effects in mice treated only during the first month after urethane (initiation/promotion trial), separate groups of mice were examined at day 60, after bortezomib was withdrawn for 1 month ( Figure 3A) . At this time point, no differences in hyperplastic lesion abundance, cell proliferation or cell apoptosis were identified between experimental groups (data not shown), indicating that bortezomib-enhanced formation of premalignant hyperplasia lesions was reversible.
Bortezomib treatment perpetuates urethane-induced lung inflammation despite blocking NF-jB in epithelium and macrophages To better understand the impact of bortezomib on the evolution of urethane-induced inflammation in the lungs, we analyzed inflammatory cells and mediators in BAL from mice harvested at 7 and 30 days after urethane ( Figure 3A) . At experimental day 7, when urethane-induced inflammation peaks (12, 15) , urethane-treated mice had increased numbers of inflammatory cells, including macrophages, lymphocytes and neutrophils, as well as inflammatory mediators in BAL, including TNF, CCL2, CXCL1 and CXCL2, compared with controls. At this time point, bortezomib treatment caused significant reductions in most of these parameters. Interestingly, bortezomib-treated mice had elevated concentration of IL-6 in BAL, a finding not present in the other groups ( Figure 3F and G) . At experimental day 30, a time point when urethaneinduced inflammation should subside (12, 15) , urethane-treated mice and saline-treated controls showed no evidence of inflammation. In marked contrast, bortezomib-treated mice exhibited significantly increased BAL macrophage, lymphocyte and neutrophil numbers, as well as elevated CXCL1, CXCL2 and IL-1b levels compared with mice treated only with urethane. In addition, these mice continued to have increased IL-6 concentration in BAL ( Figure 3H and I). Collectively, these results suggested that systemic proteasome inhibition of urethaneexposed mice partially inhibits the acute lung inflammatory response to the carcinogen, but continued proteasome inhibition results in perpetuation of this inflammatory response with chronic upregulation of chemokine and interleukin expression.
To verify that bortezomib treatment blocks urethane-induced NF-jB activation and to investigate the lung cell types affected by this treatment, we utilized NF-jB reporter (NGL) mice (FVB background) that express a GFP-luciferase fusion protein under control of an NF-jB-dependent promoter (26) . NGL mice received urethane followed by twice weekly bortezomib or saline, were serially imaged for bioluminescence and were killed after 10 days ( Figure 4A ). We found that the proteasome inhibitor blocked overall urethane-induced NF-jB activation in the lungs ( Figure 4B and C) . At the tissue level, NF-jB inhibition by bortezomib was not confined to airway epithelium but was also observed in alveolar macrophages in vivo ( Figure 4D and E).
Short-term bortezomib can limit the growth of established lung adenocarcinoma
To verify the beneficial impact of bortezomib on the progression of already formed lung tumors, we generated heterotopic tumors induced by wild-type LLC lung adenocarcinoma in the flank of syngeneic C57BL/6 mice and installed twice weekly bortezomib or control treatments starting after 2 weeks ( Figure 5A ). Short-term bortezomib at 1 mg/kg was able to retard flank LLC tumor growth, an effect associated with reduced tumor cell proliferation ( Figure 5B and C) . Repetition of this experiment using pNGL LLC cells (23, (28) (29) (30) (31) verified that this inhibitory impact of bortezomib was associated with reduced NF-jB activity in tumor cells ( Figure 5D and E). These results indicated that limited courses of bortezomib can favorably impact the growth of established lung adenocarcinoma by downregulating NF-jB activation and were consistent with the reduced tumor size observed after late bortezomib treatment (regression trial) in the urethane model.
Bortezomib alters the phenotype of RAW264.7 macrophages
Because deletion of IjB kinase (IKK) b has been shown to result in a paradoxical increase in IL-1b production in macrophages (32), we wondered whether prolonged pharmacological inhibition of NF-jB could result in increased cytokine/chemokine production by these cells. Therefore, we investigated the impact of proteasome inhibition on RAW264.7 macrophages in vitro. As expected, bortezomib treatment caused a dose-dependent suppression of proliferation and NF-jB Ã and ÃÃ : P , 0.05 and 0.01, respectively, compared with control; n, sample size; P, probability.
S.P. Karabela et al. activation in these cells ( Figure 6A and B) . In addition, 48 h of exposure to the drug sufficed to alter RAW264.7 phenotype, including upregulation of CXCL1, CXCL2 and IL-1b secretion ( Figure 6C ). Interestingly, this shift in inflammatory mediator production mirrored the profile of cytokines/chemokines shown to be increased in the lungs of mice treated with the combination of urethane and prolonged bortezomib. This activation of bortezomib-treated RAW264.7 macrophages provides a plausible model for the effects of the proteasome inhibitor on lung macrophages in vivo, the altered function of which may underlie bortezomib-induced amplification of lung inflammation and tumorigenesis.
Discussion
We found that short-term treatment with bortezomib downregulates the initial inflammatory response to urethane but prevents resolution of urethane-induced inflammation. As a result, prolonged courses of treatment with the proteasome inhibitor were associated with enhanced lung carcinogenesis and a dysregulated persistent inflammatory response in the lungs. In contrast, bortezomib treatment retards the growth of established tumors, a finding consistent with prior reports (18, 20, 21, 23) . Interestingly, bortezomib treatment increased proliferation of cells within pulmonary hyperplastic lesions at 1 month Ã , ÃÃ and ÃÃÃ : P , 0.05, 0.01 and 0.001, respectively, compared with sham-treated mice (saline þ saline); #, ## and ###: P , 0.05, 0.01 and 0.001, respectively, compared with urethane only-treated mice (urethane þ saline); n, sample size; P, probability; MU, macrophages; LU, lymphocytes; PMN, neutrophil polymorphonuclear cells; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon.
Bortezomib in chemical lung carcinogenesis
after urethane injection in association with increased levels of inflammatory cells and mediators in the lungs. However, proliferation of cells in established heterotopic LLC tumors was reduced by bortezomib treatment. This finding, combined with data indicating that bortezomib enhances inflammatory mediator production by myeloid cells, suggests that the opposing effects of NF-jB inhibition may depend on the impact of this treatment on inflammatory cells in the tumor microenvironment. In the setting of carcinogens like urethane, which promote tumor formation through activation of inflammatory pathways, inhibition of NF-jB in myeloid cells may prevent resolution of inflammation, enhancing the pro-tumorigenic microenvironment. In contrast, beginning bortezomib treatment after carcinogen-induced inflammation has subsided (as in the regression trial) or in models where inflammation is not driven by carcinogen exposure (like the heterotopic LLC tumor model) appears to reduce tumor growth through tumor-specific effects of NF-jB inhibition on cell proliferation. These findings may have important implications for chemotherapeutic approaches in individuals at high risk for lung cancer development, especially those with COPD, where chronic airway inflammation is a manifestation of the disease.
NF-jB, a central transcriptional pathway controlling immune responses, is increasingly identified as an important factor in a number of malignancies, including lung cancer (16) . NF-jB is activated in biopsies from NSCLC and associated preneoplastic lesions (22) . In addition, NF-jB activation has been identified in epithelial and myeloid cells in the lungs of COPD patients, the group of current and former Ã and ÃÃ : P , 0.05 and 0.01, respectively, compared with saline-treated mice.
S.P. Karabela et al. smokers at highest risk for lung cancer development (33, 34) . Using functional studies of mice, we and others have shown that the transcription factor is activated in the lungs in response to tobacco and urethane (12, 14) . Moreover, several studies have shown that epithelial NF-jB activation is not only involved in carcinogen-induced lung inflammation but is required for adenocarcinoma formation and may promote tumor invasion and metastasis (12) (13) (14) 35) . Thus, the NF-jB pathway appears to be a promising drug target for lung cancer chemoprevention and treatment. Based on this idea, we performed systemic proteasome inhibition in mice during various time windows after carcinogen exposure, aiming to inhibit NF-jB activation and the associated inflammatory and oncogenic response. We found a tumor growth-inhibitory effect when bortezomib was administered for short periods of time in mice with established lung tumors. Our findings are consistent with a recent report by Xue et al. (36) in which treatment with bortezomib or an IjB kinase (IKK) inhibitor (Bay-117082) induced tumor regression and prolonged survival in mice expressing mutant Kras along with p53 deficiency. In this study, cells and tumors with the combination of mutant Kras expression and p53 deficiency, which have a high basal NF-jB activation, were more sensitive to bortezomib than cells and tumors with mutant Kras expression and intact p53, which have lower basal NF-jB activation, indicating a correlation between tumor cell NF-jB activation and response to bortezomib therapy. This correlation between NF-jB activation in tumor cells and treatment response is similar to clinical data in which the presence of an NF-jB signature in multiple myeloma is associated with a better outcome after bortezomib treatment (37) . In contrast to the beneficial effects of NF-jB inhibition during short periods of time in established tumors, prolonged treatment with bortezomib resulted in an unexpected and profound pro-tumorigenic effect. These results may be relevant to understand the outcome of clinical trials of bortezomib against NSCLC, which revealed no or modest single-agent activity of the drug (24, 25) . In these clinical studies, bortezomib was administered for prolonged periods of time (up to 8 or even unlimited 21 day cycles). Although some responses were identified, progressive disease ensued almost uniformly. It is plausible that the few clinically significant responses to bortezomib may have been, at least in part, attributable to inhibition of tumor NF-jB activity. However, long-term delivery of the drug might have perpetuated tumor-related inflammation and augmented tumor progression in a majority of cases. A pulmonary proinflammatory effect of the drug is also suggested by a recent study describing the pulmonary toxicity of bortezomib in myeloma patients (38) . It is also possible that tumor progression was related to development of bortezomib resistance by tumor cells, as has been proposed based on another recent study (36) . Our results indicate that prolonged bortezomib treatment facilitates development of preneoplastic lesions and progression to malignancy through propagation of airway inflammation. This may be relevant to humans since bronchogenic neoplasia typically occurs in an inflammatory environment (39, 40) . Hence, our results may sound a note of caution when considering prolonged treatment with this drug or the application of other NF-jB blocking agents to cancer treatment or chemoprevention.
While bortezomib treatment inhibited NF-jB activity in lung epithelium and myeloid cells, urethane-induced inflammation failed to resolve. In cultured macrophages, continuous bortezomibinduced NF-jB blockade resulted in upregulation of CXCL1/2 chemokines and IL-1b, possibly explaining persistent inflammation in bortezomib-treated mice after exposure to urethane. The amazing similarities of bortezomib effects on the BAL inflammatory milieu with that on a liver-derived macrophage cell line (RAW264.7) lend support to the hypothesis that the effects of the drug on alveolar macrophages may underlie its impact on the pulmonary inflammatory and oncogenic response. Although NF-jB inhibition is generally considered to be anti-inflammatory, several prior studies have indicated that NF-jB inhibition can have paradoxical effects. As first reported by Lawrence et al. (41) in 2001, inhibition of NF-jB during the resolution phase of inflammation can lead to a protracted inflammatory response with prevention of leukocyte apoptosis. More recently, it has been shown that genetic or prolonged pharmacological inhibition of IKKb in myeloid cells enhances pro-IL-1b processing, leading to increased IL-1b production, increased neutrophilia and increased mortality after endotoxin treatment (32) . Although our studies suggest a protective role for the NF-jB pathway in macrophages against tumor promotion and growth, other studies have found that mice with myeloid specific deficiency of IKKb have reduced tumor number and size (14, 42) . Indeed, IKKb deficiency in tumor-associated macrophages can enhance their cytotoxic properties (43, 44) . These different results may be reconciled by differences in the mouse models employed (i.e. acute versus chronic and tumor transplant versus carcinogenesis models) by the multifaceted composition of the NF-jB pathway (i.e. different components of the pathway may exert divergent functions) and by differences in organ/ tissue-specific polarization and function of macrophages. Despite the contradictory literature, our results suggest dual and opposing actions of NF-jB in the lungs: in benign and malignant epithelial cells, NF-jB functions to escalate inflammation and augment carcinogenesis (12, 14, 15, 26, 45) , whereas activation of the transcription factor in myeloid cells may result in limitation of inflammation and antitumor gate keeping (41, 43, 46) .
The shortcomings of the present work are not to be overlooked. First, the dosing of bortezomib used (1 mg/kg) was likely not relevant to human dosing ($0.03 mg/kg). Second, the carcinogen employed (urethane) is not a prominent carcinogen leading to lung cancer in humans. Third, bortezomib is a proteasome inhibitor and not a specific ÃÃÃ P , 0.001 compared with saline-treated mice.
NF-jB inhibitor; we did not evaluate proteasome inhibition in our models and there is little evidence that the predominant effect of bortezomib is through NF-jB inhibition. The above limit the application of the findings of our study to human lung cancer therapy and chemoprevention. However, our data may prompt further study of the interaction between bortezomib and human lung carcinogens, hopefully validating our results and leading to conclusions pertinent to tailoring human lung cancer chemoprevention strategies.
In conclusion, we inadvertently discovered a tumor-promoting effect of the clinical proteasome inhibitor bortezomib when given in prolonged courses during chemical-induced lung carcinogenesis. The pro-tumorigenic effects of the drug were linked with perpetuation and dysregulation of carcinogen-induced inflammation despite effective blockade of NF-jB activity in both lung epithelial and myeloid cells. Our findings warrant caution when prolonged treatment with bortezomib is contemplated for patients at increased risk for lung cancer. 
